Abstract Photoelectrochemical, photoelectrocatalytic, and electrochemical processes of silicon anodic oxidation and hydrogen evolution in aqueous HF solution are discussed in terms of thermodynamic stability of Si, oxides SiO, SiO 2 , and Si surface hydrides. It is shown that photoelectrochemical oxidation of n-type low-resistivity silicon to SiO 2 is catalyzed by Si + photo-hole formation, whereas in the case of p-type Si, the feasibility of this reaction is predetermined by p-type conductivity. It is suggested that anodic oxidation of Si goes through the stage of SiO oxide formation and its subsequent oxidation to SiO 2 . Such mechanism accounts for chemical inertness of Si phase in HF solutions as well as for selective, anisotropic, and isotropic etching of Si within E ranges from −0.5 to 0.35 V, 0.35 − 0.8 V , and E > 0.8 V, respectively. Hydrogen evolution reaction on Si surface proceeds at very large overpotential (≥ 0.5 V) through the stage of surface Si hydride formation: Si + H 2 O + e − → (SiH) surf + OH − (the rate determining step) and (SiH) surf + H 2 O + e − → Si + H 2 + OH − . Illumination-related effects of surface reactions relevant to selective and anisotropic etching and nano/microstructuring of Si surface are discussed.
Introduction
Silicon represents a chemical element which over past few decades has changed essentially the quality of our daily life. Invention of Si-based integral micro-chips was a revolutionary step in the production of various programmable devices and computers, which, in turn, promoted a major breakthrough in information and communication technologies and many other areas. So far, silicon is an indispensable material for solar energy conversion into electricity. Above 90 % of currently produced solar cells are silicon-based [1] . However, this technology is quite expensive. Therefore, intensive search for the ways to reduce the cost of solar electricity is a very active field of research and engineering. Recently, porous silicon became quite attractive for solarcell researchers, mainly because of its large surface area and low light reflection [2] [3] [4] .
Physical, chemical, and technological properties of silicon, its alloys, and compounds have been thoroughly investigated and found applications in numerous technological processes [5, 6] . The same can be said about its electrochemical and photoelectrochemical properties in aqueous solutions of various composition, which were comprehensively and experimentally analyzed in relation to technologically very important silicon etching processes [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . However, one has to admit that the nature and mechanisms of the photoelectrochemical processes taking place on Si electrode surface are not completely understood from the theoretical point of view so far [17] , whereas these issues are of crucial importance in searching for effective energy conversion systems.
The main characteristic of electrochemical or photoelectrochemical process is voltammogram (VA), reflecting the dependence of the process rate on the electrode potential, i.e., the potential difference between electrode and solution phase. Because of semiconducting nature of silicon, the measurement of voltammetric characteristics and their analysis is quite problematic as Si electrodes can differ greatly one from another. Depending on the content of doping elements in silicon, which can vary between 10 11 and 10 20 atoms per cm −3 , the resistivity of Si ranges between 10 5 and 10 −4 cm, irrespective of the type of conductivity [18] . Therefore, when analyzing VAs, especially those of Si with high resistivity, it is necessary to take into account the value of ohmic potential drop within Si phase, which strongly depends on how the electric contact with Si was realized. Moreover, when analyzing electrochemical behavior of Si, one has to take into consideration the fact, that two types of charge carriers, i.e., holes in valence band and electrons in conduction band, can be involved in the electrochemical processes at the same time.
The present study was aimed at investigation of silicon anodic oxidation processes in the case of n-and p-type Si electrodes of low and high resistivity in aqueous HF solution. Effects of light illumination and their influence on the surface chemical changes are elucidated based on the thermodynamic properties of materials at the interface.
Theoretical background for analysis of experimental data
In order to understand the electrochemical behavior of silicon and the nature of the processes reflected in the voltammograms, it is worthwhile to analyze the simplified Pourbaix diagram for silicon presented in Fig. 1 The main electrochemical process for silicon is described by the following reaction:
which is reflected by dependence (1) in the diagram ( Fig. 1 ) and denotes the thermodynamic possibility of silicon anodic oxidation. Standard potential E 0 of this reaction ranges from −0.807 to −0.857 V for different crystalline orientations of SiO 2 surface. pH-dependence for Eq. 1 in Pourbaix diagram is situated below the line a, which means that silicon should evolve hydrogen from H 2 O while oxidizing to SiO 2 . It is well known [20] that Si reacts with water only in strongly alkaline medium, where SiO 2 dissolves yielding alkali-soluble silicates. It should be noted, however, that this reaction occurs at considerably more positive potentials, i.e., at E ≈ 0 V (standard hydrogen electrode (SHE)) [27] . In acidic and neutral medium, formation of insoluble SiO 2 layer on the surface of Si electrode should lead to blocking of the surface and passivation. It is noteworthy, however, that not the insulating layer of SiO 2 is the reason of silicon passivity and inactivity in acidic and neutral media. In the solution of HF, native, thermal, or anodically formed SiO 2 surface layer must be removed from Si surface due to following interaction [20] :
which produces a very stable complex [SiF 6 ] 2− . Thus, the above reaction provides the possibility to investigate the anodic oxidation of Si phase in HF solution avoiding the complication of surface passivation. Skorupska et al. [21] have demonstrated that SiO 2 layer is completely removed from Si surface even in the dilute solution of NH 4 F. Another very important dependence in Fig. 1 is depicted by line 2. It represents the limit, which in accordance with thermodynamic data marks the transition between SiO 2 and gaseous silicon hydride SiH 4 , in which oxidation degree of silicon is negative, i.e., takes value of n Si = −4. Thus, it would follow that the area between the lines 1 and 2 in Fig. 1 should represent the range of Si surface hydrides existence.
It is known from literature [12, 13] that after removal of surface oxide layer from Si with HF, the surface of silicon becomes covered with Si surface hydride ≡Si-H. In the review [15] , it has been demonstrated that silicon surface coverage with H atoms is about 10 at.%, whereas that of F atoms is below 0.1 at.%. Hence, if silicon surface coverage with H atoms is not continuous, it can hardly determine passivity of silicon in HF solutions [14, 16] .
Moreover, SERS studies [22] showed that in addition to Si-H bonds, Si-O and Si-OH ones are also formed on the surface of silicon during anisotropic etching in 0.05 M fluoride medium (pH 3) within 0-0.6 V (vs. Ag/AgCl). It has been also demonstrated that at E ≈ −0.3 V, i.e., in the vicinity of open-circuit potential (OCP), the surface of silicon is clean from the above indicated species. Houbertz et al. [23] showed that while the surface of Si electrode is free from oxides in the cathodic range of potentials, i.e., at E < E OCP ≈ −0.97 V (Ag/AgCl in 40 % NH 4 F, pH 8), a thin layer of oxides (1.0-1.5 monolayer) is already present on the surface within the double layer region, whereas in the range of anisotropic anodic etching (E > 0 V (Ag/AgCl)), the amount of oxygen on Si surface increases several times.
Thus, the above-described data show that anodic oxidation of Si proceeds via formation of silicon oxygen species on the electrode surface, i.e., that reaction goes via oxide rather than fluoride route [14, 16] . Interaction of Si phase with H 2 O is much more fundamental compared to interaction of silicon with HF molecules, because Si-O chemical bond is much stronger than Si-F (800 and 540 kJ mol −1 [24] , respectively). The results obtained in the present study fully support this point of view.
Experimental
The working n-and p-type Si electrodes were prepared by mechanically cutting 5 × 20 mm plates from 100 × 0.5 mm silicon disks (Nilaco) of low-resistivity Si (< 0.02 cm). In order to realize an ohmic contact with Si phase, immersion gold coating was deposited on the whole surface of Si plates except for 5 × 10 mm working area, which was isolated by covering with chemically resistant poly-vinylchloride lacquer. After that, immersion gold coating was electroplated with pure gold coating to obtain thickness of ∼ 0.1 μm. Then isolating layer of lacquer was removed from working Si electrode surface and applied to gold surface, which was exposed to electrolyte. Thus, the electric contact was realized just 0.5 mm or by the plate thickness away from the working Si surface. Taking into account low resistivity of silicon and gold coating as well as a small distance (1-2 mm) between the working Si surface and the end of Luggin capillary, the overall ohmic potential drop during voltammetric measurements did not exceed 5 to 10 mV at current densities up to 10 mA cm −2 . Voltammetric investigations were performed using a potentio-/galvanostat PGSTAT302 (Autolab, Eco Chemie), plastic cell with 50 cm 3 volume, Pt wire as counter electrode and RHE adjusted for measurements in HF solutions. Potential values in the text and figures refer to the SHE unless noted otherwise. The electrolyte was a 2 M aqueous solution of hydrofluoric acid (pH ≈ 3). Analytical grade HF and deionized water were used to prepare the solutions. Schematic representation of the cell is shown in Fig. 2 .
For the measurement of voltammetric response of Si electrode in dark, the cell was placed into Faraday cage and light proof enclosure. Photoactivation was qualitatively tested using illumination by a standard 100 W incandescent lamp without focusing.
The rate of corrosion of n-and p-type Si in 2 M HF was determined by means of measuring the decrease in weight of specimens after 260 h exposure to 2 M HF solution in dark and under natural illumination, which included alternation of day and night ("in light"). All experiments were carried out at room temperature (20-25 o C). The specimens were placed into transparent and opaque plastic containers, which were filled to the capacity with electrolyte. The weight of the specimens was measured using analytical weights GR-202 (A&D Company, Ltd. Japan).
Results: photoelectrochemical processes of low-and high-resistivity silicon
Variation of the open-circuit potential E i=0 of highly doped n-Si and p-Si electrodes in the solution of 2 M HF (pH 3) under illumination is shown in Fig. 3 
is negative for n-Si and positive for p-Si. In the case of n-Si, negative shift of E i=0 upon illumination (Fig. 3) is determined by facilitation of anodic process, while for p-Si, cathodic process becomes more facile and E i=0 shifts positively. In time, open-circuit potentials of both electrodes approach the stationary value of −0.5 V, which corresponds to the beginning of hydrogen evolution on Si surface, as will be shown further.
Cyclic voltammograms of highly doped low-resistivity nand p-type silicon in 2 M HF solution in dark and under illumination conditions are presented in Fig. 4 . The positively proceeding part of the VA is always below the negative one for the n-type Si under illumination and for p-type Si in both dark and under light. Moreover, in the case of multiple cycling (10-20 cycles), the last VA is always shifted negatively compared to the first one. From the electrochemical point of view, such facilitation should be related with activation of Si electrode, i.e., with an increase in electrochemically active surface area. Figure 4a shows summary view of all voltammetric investigations within range of moderate (≤ 10 mA cm −2 ) current densities. As one can see from Fig. 4a , voltammograms of n-and p-type silicon under illumination are very similar in both cathodic and anodic regions. There is no doubt that overall anodic process involves oxidation of Si to SiO 2 and removal of this oxide in form of [SiF 6 ] 2− complex, as a consequence of interaction with HF, whereas cathodic process is hydrogen evolution [21, 25] , which should go through the stage of Si surface hydride (chemisorbed H atom) formation, the rate determining step: and subsequent fast step of H 2 electrochemical desorption:
As one can see from VAs presented in Fig. 4a , anodic oxidation of n-Si in light is facile and proceeds at a considerable rate, whereas in dark, the beginning of the process is shifted by ∼ 500 mV towards more positive potentials and the rate is significantly lower. Thus, it is evident that the process is accelerated by Si holes, i.e., Si + ions photo-generated in valence band. Overall process of photoelectrochemical oxidation of Si can be described by the following reactions:
and
The value of standard potential of Eq. 6 is the same as that of Eq. 1, because the thermodynamics of the process does not depend on the reaction route. It follows from the Eq. 6, that photoelectrochemical oxidation of Si should be independent of whether Si + holes were photo-generated, or have originated from dopant elements (e.g., B or Mg) yielding p-type conductivity. This is experimentally confirmed by VAs of ptype Si shown in Fig. 4a , where one can see that in the case of sufficiently high conductivity and corresponding intensity of illumination, the rates of Si anodic oxidation in light and in dark are very similar. Figure 4b shows more detailed view of VAs of n-and p-type Si in light in the range of small current densities (≤ 1 mA cm −2 ). As one can see from Fig. 4b , at i = 0 potentials E (2) corr and E (4) corr mark the points, where the rates of both above-described anodic and cathodic processes are equal for n-Si and p-Si in light, respectively. In other words, at i = 0, photochemical corrosion of Si proceeding with hydrogen depolarization can take place. Comparison of average value of E (2) corr and E (4) corr , i.e., ∼ −0.5 V (SHE), with standard potentials of the above-mentioned anodic and cathodic processes, i.e., E 0 SiO 2 /Si = −0.85 V (SHE) and E 0 2H + /H 2 = 0 V (SHE), reveals that both the anodic oxidation of Si and evolution of H 2 proceed at relatively large overpotential, i.e., ∼ 0.35 and −0.50 V, respectively.
The overall rate of photochemical and chemical corrosion of p-Si and n-Si in light and in dark evaluated from the decrease in mass of Si specimens exposed to HF solution is presented in Table 1 . As one can see, the rate of Si chemical and photochemical corrosion in the solution of 2 M HF (pH 3) is rather small. When converted into current density units, it ranges between 1 and 2 μA cm −2 . Only in the case of pSi in light the rate of corrosion as high as ∼ 6 μA cm −2 was determined. The rate of purely chemical corrosion proceeding with hydrogen depolarization is ∼ 0.7 and ∼ 1.4 μA cm −2 as was obtained for the case of n-Si and p-Si in dark, respectively. Thus, the above-mentioned passivity of silicon in acid and neutral solutions should be determined by the low rate of chemical corrosion of Si due to high overvoltage of H 2 evolution. Besides, the oxidation of Si itself according to Eq. 6 should be slow complex stepwise process.
As it has already been mentioned above, from the comparison of VAs of n-Si in dark and in light (Fig. 4a) it follows that in deficiency of holes, i.e., Si + ions on the electrode surface, irrespective of whether they originate from alloying elements or as a result of illumination, branch of voltammogram, reflecting the process of Si anodic oxidation, shifts towards more positive E values, whereas more appreciable rate of anodic oxidation is observed only at E > 0 V (SHE) (Fig. 4a) . Regarding an onset potential of the Si anodic oxidation, it is interesting to compare the experimental data (Fig. 4) with literature, which usually refer to lowly doped high-resistivity Si electrodes. In [7] , summarizing the electrochemical behavior of p-and n-type Si electrodes in the range of high current densities (∼ 200 mA cm −2 ) and high voltages (±8.0 V), it was indicated that the boundary between cathodic and anodic processes is at E ≈ 0 V. The same value of boundary potential in the fluoride-free solution of 2 M KOH was reported in [27] . In a precise study by Outemzabet et al. [22] , where surface state of Si in 0.05 M HF (pH 1.0-3.0) was studied using FTIR spectroscopy, it was demonstrated that anodic oxidation of Si begins at E ≈ 0.4 V (SHE) irrespective of crystallographic orientation of Si surface. In our previous study [17] , the beginning of anodic oxidation of lowly doped (ρ = 1000 cm) ntype Si in 2 M HF (pH 3) was observed at 0.2-0.3 V (SHE) (Fig. 5 ), whereas the onset of H 2 evolution at E ≈ −0.5 V (SHE), similarly to highly doped Si (Fig. 4a) . In the case of such layout of anodic and cathodic processes, corrosion of Si with hydrogen depolarization becomes absolutely impossible at E > −0.5 V. Thus, in the case of lowly doped n-Si, the E range between −0.5 and ∼ 0.3 V (SHE) (Fig. 5) represents the region of Si phase immunity, which is referred to as double layer region in literature [23] .
The E range of high-resistivity n-Si anodic oxidation can be divided into two regions as shown in Fig. 5 . It is known from literature that these regions correspond to ranges of anisotropic and isotropic Si etching, respectively [7] [8] [9] [10] [11] 28] . In the first region, beginning at 0.2-0.3 V (SHE) rather sudden increase in anodic current is observed, whereas in the second one, beginning at E > 0.8 V, second current wave [17] . Potential regions I and II denote anisotropic (porous Si) and isotropic etching conditions, respectively can be discerned. The rate of anodic process within 2nd E range increases relatively very slowly. A back-side illumination of Si considerably increases the rate of anodic process in both regions [17] . It is interesting to note that similar sharp increase in current density at E ≈ 0.4 V (SHE) was observed in [22] for various crystallographic Si planes in 0.05 M HF solution at pH = 1 and pH = 3. Thus, it is evident that anodic oxidation of lowly doped high-resistivity silicon to SiO 2 proceeds at significantly larger overpotential (η ≈ 0.3 − (−0.85) = 1.15 V) as compared to highly doped low resistivity Si (Fig. 4) , where η is just ∼ 0.35 V (−0.50 − (−0.85) = 0.35 V). It is reasonable to presume that electrochemical oxidation of Si to SiO 2 according to Eq.1 proceeds stepwise, i.e., first E range from ∼ 0.3 to ∼ 0.8 V (SHE) corresponds to formation of Si(II) oxide-SiO, whereas second one at E ≥ 0.8 V-to formation of Si(IV) oxide SiO 2 , as described by following reactions:
The value of standard potential of Eq. 7, E 0 SiO/Si = 0.35 V was calculated from the thermodynamic data for SiO given in [29] , i.e., H 0 = −103 kJ mol −1 , S 0 = 211 J mol −1 K −1 and G 0 = −160 kJ mol −1 . It is noteworthy, that E 0 of Eq. 7 coincides almost precisely with the beginning of electrochemical anodic oxidation of lowly doped high-resistivity n-Si, which is observed at E ≈ 0.3 V (SHE) (Fig. 5) .
Discussion
Summary view of the photoelectrochemical and electrochemical processes taking place on high-and low-resistivity silicon in 2 M HF, pH 3 at 20 • C is presented in Fig. 6 . Main possible reactions of Si oxidation and H 2 evolution are written in specific E regions separated by dashed lines. As shown in Fig. 6 , photoelectrochemical or photoelectrocatalytic oxidation of Si is possible within a wide range of potentials, i.e., from ∼ −0.5 to ∼ 0.35 V (SHE). Naturally, such process cannot proceed in the absence of holes (Eq. 5), i.e., in dark at low n-type conductivity of Si phase. Therefore, the range between ∼ −0.5 and ∼ 0.35 V is called the zone of immunity (stability) of Si phase or double layer region [23] . This zone separates the regions of oxide and hydride species formation or the regions of positive and negative oxidation state of Si.
Actually, electrochemical oxidation of Si begins at E ≈ 0.3 V (SHE) (see Fig. 5 ). The overvoltage for this process is as large as ∼ 1.15 V, which is tantamount to the width of silicon band gap E g . As suggested above, photoelectrochemical and electrochemical oxidation of Si most likely proceeds through an intermediate stage of Si(II) oxide SiO formation, because, attachment of two O 2− ions from H 2 O molecules by one Si atom in atomic plane is impossible from the steric point of view, as radii of Si atom and O 2− ion are almost equal, i.e., 0.268 and 0.272 nm, respectively [30] . Moreover, E range between ∼ 0.35 and ∼ 0.8 V (SHE) is known to be the region of anisotropic etching of Si, where macropores with diameter of several microns and aspect ratio exceeding 120 can be formed [28] . Selective anisotropic photoelectrochemical etching of Si within E range between ∼ 0.35 and ∼ 0.8 V can be explained by sequence of reactions (7) and photoelectrochemical oxidation of SiO to SiO 2 as described by:
Due to the sequence of reactions (7) and (9), it is possible to control the rate of anodic oxidation of Si with the help of potential E and back-side illumination and perform selective anisotropic etching of silicon [7, [9] [10] [11] . Selective photoetching under front-side illumination is possible within E range from −0.5 to 0.35 V, as can be seen from comparison of VAs recorded in light and in dark for n-Si in Fig. 4a . At E > 0.8 V (SHE), Si atoms, as well as SiO oxide, can be directly electrochemically oxidized to SiO 2 state, which is the reason why selective anisotropic etching turns to isotropic, i.e., uniform in all directions. As one can see from Fig. 6 , there is clear demarcation line between the ranges of photoelectrochemical and electrochemical oxidation of Si. Figure 7 shows potential levels representing oxidation/reduction processes of Si phase. It is well-known that in the case of metals, valence band (VB) and conduction band (CB) levels coincide. Shift of this level towards anodic or cathodic potentials determines what reaction will take place on the electrode surface. In the case of semiconductors, valence band and conduction band levels are separated by forbidden energy band of width E g . Positive charge carriers, i.e., holes in VB can participate in anodic oxidation reactions, whereas electrons in CB can take part in cathodic reduction processes. As one can see from the layout of silicon conduction and valence bands, illumination or doping produced Si + holes have sufficiently high potential to oxidize Si surface atoms to SiO or SiO 2 oxides according to Eq. 6, i.e., photoelectrochemically (Fig. 7) . The conduction band level of Si phase is determined by the value of chemical potential of Si, i.e., μ 0 = 0 cal [19] . Therefore, Si + hole represents strong oxidizer E 0 Si + /Si = 1.12 V with oxidative energy almost tantamount to that of oxygen E From the above-presented analysis, it follows that use of Si photoelectrode as anode in electrochemical solar cells in HF solutions would inevitably lead to its anodic dissolution. If such photoanode was connected with Pt electrode and used for production of solar hydrogen in HF solution, the process would proceed until complete dissolution of Si phase. Therefore, the process of irreversible anodic oxidation of Si to SiO 2 should be avoided or eliminated in a photoelectrochemical systems intended for effective solar energy conversion. Processes on the surfaces of photoelectrodes [31] are critically important for the development of next generation of solar cells, photoanodes, and for laser nano-microstructuring of surfaces via laserinduced wet etching including front-and back-side illumination which has found number of applications in lab-on-a-chip.
Conclusion
Summary of the conclusions discussed and analyzed here is the following: -Anodic oxidation of Si to SiO 2 in HF solution can proceed either photoelectrochemically, i.e., with participation of holes of valence band, or electrochemically, i.e., with participation of electrons of conduction band.
-Both photoelectrochemical and electrochemical oxidation of Si go through intermediate stage of SiO oxide formation. -Photoelectrochemical or, in other words, photoelectrocatalytic oxidation of Si is more facile, i.e., it proceeds at lower overpotential (η ≈ 0.35 V) than electrochemical one (η ≈ 1.15 V). -From the energetic point of view, energy required for photoactivation of Si, i.e., ∼ 1.12 eV, is tantamount to electrochemical one, i.e., ≈ 1.15 eV. -Photoelectrochemical corrosion of Si in HF solution proceeds with hydrogen depolarization.
New insights into photoelectrochemical processes discussed here are relevant to corrosion and longevity issues of silicon-based photovoltaic devices.
